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ABSTRACT
The CUBIC tissue-clearing protocol has been optimized to produce
translucent immunostained whole chicken embryos and embryo
brains.When combined withmultispectral light-sheet microscopy, the
validated protocol presented here provides a rapid, inexpensive and
reliable method for acquiring accurate histological images that
preserve three-dimensional structural relationships with single-cell
resolution in whole early-stage chicken embryos and in the whole
brains of late-stage embryos.
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INTRODUCTION
The easy accessibility and physiological independence of chicken
embryos have made them an important biological model system for
over a century in the fields of developmental biology, neurobiology,
genetics, immunology, cancer, virology, cardiovascular and cell
biology (Stern, 2005). Recent chicken embryo work has revealed
dynamic gene expression patterns underlying somite formation
(Pourquié, 2004; Davey and Tickle, 2007), unexpectedly large
variations in embryonic brain regional metabolic activity during the
last 20% of in ovo development (Balaban et al., 2012), and no
coordinated patterns of brain gene expression resembling adult
sleep or waking (Chan et al., 2016).
To better exploit the potential of chicken embryos for
simultaneously examining electrophysiological, metabolic and
molecular correlates of the brain-wide development of neural
network activity, it is necessary to adapt methods that can rapidly
and efficiently detail the structure and gene expression of developing
networks in three dimensions with single-cell resolution. This was
not achieved by previous three-dimensional (3D) technologies such
as optical coherence tomography and photoacoustic tomography
(Wong et al., 2013; Liu et al., 2014).
Optical imaging of tissue samples is limited by visible-range light
scattering. While penetration depths of up to 1 mm have been
achieved with two-photon microscopy (Theer et al., 2003),
conventional confocal microscopy remains limited to 100 µm
(Poguzhelskaya et al., 2014; Nehrhoff et al., 2016). This requires
large tissue samples to be cut into thinner sections, resulting in both
tissue geometry distortion and loss of precise 3D morphology. New
tissue-clearing methods enable the analysis of thicker samples
(Susaki et al., 2014) that are well suited for new volumetric imaging
modalities such as light-sheet microscopy (Ripoll et al., 2015;
Arranz and Ripoll, 2015). The CLARITY method clears mouse
brains yet retains immunohistochemical compatibility (Chung et al.,
2013), providing a way to acquire 3D images with single-cell
resolution without having to cut specimens into thin sections. We
present a validated protocol for whole chicken embryos and whole
chicken embryonic brains using modifications of an alternative
tissue-clearing method – the CUBIC (clear, unobstructed brain
imaging cocktails and computational analysis) method of Susaki
et al. (2014, 2015) – combinedwith a light-sheet microscope adapted
to generate 3D quantitative images with single-cell resolution.
RESULTS AND DISCUSSION
We modified, optimized and validated the CUBIC technique on
early whole chicken embryos and late-stage chicken embryo brains,
and assessed the impact of clearing on sample transparency, size,
and cellular and subcellular tissue integrity using computed
tomography (CT) imaging and confocal, light-sheet and electron
microscopy.
It is well known that embryonic tissue differs from that of adult
organisms, both in the type and the number of cells, and in chemical
composition. Although 6 days of incubation in the lipid-removing
Reagent 1 were necessary to clear adult mouse brains, 2 days were
sufficient to achieve a highly transparent sample for late-stage
chicken embryo brains of similar size (Fig. 1A,B) and 4 h for early-
stage whole embryos (Fig. 1C,D,G). Transparency in embryo brains
was compared with a widely used clearing protocol for light-sheet
microscopy imaging: benzyl alcohol benzyl benzoate (BABB)
(Genina et al., 2010). BABB and CUBIC achieved similar
transparency (Fig. 2A).
CUBIC was initially reported to cause swelling after immersion
of the sample in Reagent 1; this effect was reduced after sucrose
dehydration steps (Susaki et al., 2015). Changes in the weight of
isolated late-stage chicken embryo brains treated with either BABB
or CUBIC were assessed before and after clearing. BABB
significantly reduced chicken embryo brain weight by an average
of ∼25%, whereas CUBIC resulted in a non-significant increase of
less than 10% in average brain weight (Fig. 2B). For a subset of
embryo brains, CT images were taken before and after clearing. Data
analysis revealed a highly significant correlation between changes
in brain weight and changes in brain volume (r=0.94, P<0.0001,
n=13; Fig. 2C). BABB significantly decreased brain weight and
brain volume, whereas CUBIC resulted in non-significant increases
in both weight and volume (Fig. 2C). This indicates that brainReceived 25 January 2017; Accepted 7 April 2017
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weight changes during the clearing process are a reliable proxy for
brain volumetric changes.
In CUBIC-treated brains, general tissue morphology [assessed
with Hematoxylin and Eosin (H&E) staining] was well maintained
at cellular and subcellular levels of resolution, even though much of
the tissue lipid content was lost (Fig. 2D). Transmission electron
microscopy (TEM) revealed that subcellular structures were largely
preserved, even though the relative lack of lipids resulted in
decreased image contrast [Fig. 2E, Fig. S1; previously described by
Susaki et al. (2014); the osmium tetroxide used for TEM staining
binds to lipids to enhance image contrast; Reagent 1 removes lipids,
decreasing osmium tetroxide binding, so that the image contrast also
decreases]. In summary, the CUBIC protocol employed here
maintains the general integrity of cellular and tissue structures,
increasing brain volume ∼3-10% on average, whereas BABB
shrinks brain volumes by∼20-30%. These results agreewith similar
measurements using BABB-cleared and CUBIC-cleared mouse
embryos and embryonic heart tissue (Kolesová et al., 2016).
Entire brains from embryos incubated for 16 days (E16) were
cleared with the optimized CUBIC methodology and triple
immunostained to show orexin and catecholaminergic (TH-
positive) neurons and cFos-active nuclei, with DAPI
counterstaining to identify all cell nuclei. These staining
combinations were previously used by Landry et al. (2014, 2016)
and Chan et al. (2016) in chicken embryos and post-hatched chicks.
Light-sheet microscopy of the CUBIC-cleared brains produced
images with sufficient resolution to clearly recognize single labelled
cells in the hypothalamus (Fig. 1E,F, Movies 1-8), as well as to
follow their labelled neuronal processes (Fig. S3). A similar
protocol was developed for E4 whole chicken embryos, with shorter
incubation times (Fig. 1C).
Compatibility with confocal microscopy was assessed using
1-mm thick sections of chicken embryo brain. We investigated
whether penetration depth could be increased by clearing. High
transparency was achieved in thick tissue sections after immersion
in Reagent 1 for 4 h (see Fig. 4A). This treatment enabled incubation
times to be reduced to 1 day for each of the primary and secondary
antibody solutions. A penetration depth of 500 µm was achieved
with a 10× objective and a depth of ∼150 µm was achieved with a
20× objective (Fig. 3A). By contrast, uncleared control sections
produced more light scattering, which limited penetration to
∼100 µm with a 10× objective. To confirm that the penetration
depth was limited by light scattering rather than insufficient
antibody penetration, the 1 mm sections were sliced into ∼150 µm
sections along their z-axis. Positive TH and DAPI signals
were obtained from all five thin slices throughout the depth of the
z-axis, confirming that the antibodies fully penetrated the 1 mm
section (Fig. 3B). Taken together, these results demonstrate that an
optimized CUBIC protocol can also be used for thick tissue sections
with confocal microscopy.
To confirm that the optimized CUBIC-clearing and
immunostaining protocol provides comparable results to standard
histology and immunohistochemistry, we compared our results with
those of Godden et al. (2014), Landry et al. (2014, 2016) and Chan
et al. (2016). The stained cells obtained with our optimized protocol
showed identical spatial distributions to those obtained in these
previous studies at both E16 (Fig. 4C,D; orexinergic neurons are
also shown in Fig. S4, Movie 6) and at E20 (Movie 8).
In conclusion, the validated CUBIC method proposed here
represents an important resource facilitating future chicken embryo
imaging studies, and provides a powerful combination of clearing and
immunostaining compatiblewith both 3D laser-sheet microscopy and
confocal imaging that can be used for studying DNA, RNA and
protein expression patterns, neuronal connectivity, and subcellular-
to-systems brain morphology at single-cell resolution.
MATERIALS AND METHODS
Egg incubation and sample preparation
Fertilized chicken eggs were incubated in standard conditions. Immersion-
fixed E4 whole chicken embryos and perfusion-fixed E16, E18 and E20
Fig. 1. Chicken embryo clearing. (A) Schedule for chicken embryo brain clearing and immunostaining. (B) Appearance of an E16 brain after each protocol step.
Brains become transparent after treatment with Reagent 1, opaque when washed and immunostained, and transparent again after incubation with Reagent 2.
(C) Schedule for whole chicken embryo clearing and immunostaining. (D) Untreated (left) and cleared (right) E4 embryos. (E,F) Light-sheet microscopy
fluorescent images of an E16 whole brain (insets are a representative brain slice that illustrates the location of the main images). Red, orexinergic neuron bodies;
grey, DAPI. (G) Mid-sagittal view of a whole E4 chicken embryo. 3v, third ventricle; Ab, antibody; b, brain; D, dorsal; IHC, immunohistochemistry;
L, lateral; R, rostral; R1 and R2, Reagent 1 and Reagent 2; RI, refraction index; t, tail. Scale bars: 4 mm in D; 1 mm in G.
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chicken embryo brains were obtained. 1-mm thick coronal sections were
obtained by cutting perfusion-fixed brains using a vibrating microtome
(7000smz-2, Campden Instruments, Loughborough, UK) and were
collected in rostral-to-caudal order (Fig. 4A,B). For further details, see the
supplementary Materials and Methods.
Optimized CUBIC clearing protocol
Brains were incubated in Reagent 1 in a shaker for 2 days at 37°C at 80 rpm
and then washed with PBS three times for 2 h each at room temperature.
Thereafter, they were dehydrated for 30 min in 20% sucrose in PBS and then
incubated in Reagent 2 for 1 day at 37°C and 80 rpm. Incubation times in
Fig. 2. CUBIC and BABB clearing of chicken embryo brains. (A,B) Symbols above graphs denote statistically significant differences; groups with different
symbols are significantly different from each other. Bars indicate mean. (A) Light attenuation in CUBIC brains [n=8; measured before (open circles with black
border) and after (open circles with grey border) clearing] and BABB brains [n=8; only measured after clearing (grey filled circles)]. (Left) CUBIC brains showed a
highly significant reduction in light attenuation after clearing: before 0.77±0.01 (s.e.m.), after 0.017±0.001 µ/mm (Wilcoxon matched pairs sign-rank test, 8/8
differences <0, z=−2.521, P=0.012). After clearing, the attenuation coefficients of BABB-cleared and CUBIC-cleared brains were not significantly different
from each other (Mann–Whitney U-test, U=31, U′=33, z=−0.105, P=0.92). (Right) Percentage change in light attenuation of CUBIC-cleared brains (mean,
−97.79±0.17%). (B) Weight of E16 chicken embryo brains before and after clearing. (Left) Scheirer-Ray-Hare two-way ANOVAwith method [BABB (filled circles)
versus CUBIC (open circles)] and time [before clearing (black fill or border) versus after clearing (grey fill or border)] as factors. This analysis indicated a significant
overall difference due to method (H=10.75, d.f.=1, P=0.001), no significant difference due to time (H=3.48, d.f.=1, P=0.062), and a significant method-time
interaction (H=12.69, d.f.=1, P=0.0003). Wilcoxon matched pair post-hoc tests corrected for multiple comparisons indicated that BABB samples significantly
decreased in weight [before 0.75±0.03, after 0.55±0.03 g (15/15 differences <0, z=−3.41, P=0.0014)], whereas CUBIC samples did not [before 0.75±0.01, after
0.81±0.03 g (8/14 differences <0, z=−1.73, P=0.17)]. There was no significant difference between BABB and CUBIC weights prior to clearing (Mann–Whitney
U-test corrected for multiple comparisons, U=96, U′=114, z=−0.39, P>0.95), whereas there was a significant difference after clearing (U=6, U′=204, z=−4.3,
P<0.0001). (Right) Percentage change in theweight of BABB-cleared (mean, −26.49±2.25%) and CUBIC-cleared (mean, 8.96±4.23%) brains. The twomethods
had significantly different percentage weight changes (Mann–Whitney U-test, U=2, U′=208, z=−4.49, P<0.0001). (C) The relationship between brain weight
change and volume change. The final 13 brains [seven BABB (solid black circles), six CUBIC (white circles)] processed for measurement in B were subjected to
CT imaging before and after clearing and their 3D volumes calculated from the CT images. There was a highly significant correlation between the percentage
weight change (x-axis) and the percentage volume change (y-axis) (r=0.94, n=13, P<0.0001). Black plus sign indicates mean BABB value (weight change,
−33.93±2.22%; volume change, −26.62±3.99%); white plus sign indicates mean CUBIC value (weight change, 18.79±2.22%; volume change, 10.83±4.10%).
BABB and CUBIC samples had significantly different weight changes (Mann–Whitney U-test, U=0, U′=42, z=−3.00, P=0.0027) and volume changes (Mann–
Whitney U-test, U=0, U′=42, z=−3.00, P=0.0027). The BABB brains showed significant changes post-clearing in both weight and volume (Wilcoxon matched
pairs sign-rank test corrected for multiple comparisons, both variables 7/7 differences <0, z=−2.37, P=0.036), whereas the CUBIC brains did not show significant
changes in either weight or volume (Wilcoxon matched pairs sign-rank test corrected for multiple comparisons, both variables 1/6 differences <0, z=−1.99,
P=0.093). (D) H&E staining of CUBIC-cleared and uncleared chicken embryo brains. Images were acquired with 20× and 40× objectives. Cytoplasm and nuclear
staining appear generally preserved after clearing. (E) Subcellular resolution observed by TEM in cleared (right) and uncleared (left) chicken embryo brain.
Membrane integrity was preserved in uncleared fixed brains and less so in the cleared fixed brains. Arrows indicate membranes (top) that are shown at higher
magnification (bottom). Scale bars: 4 µm (top), 2 µm (bottom).
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Reagent 1 and 2 were reduced for whole embryos (to 4 h and 2 h,
respectively) and 1-mm thick sections (4 h each). Solutions are described in
the supplementary Materials and Methods.
Transparency measurements
The transparency of brains cleared with the optimized CUBIC and BABB
(as in Genina et al., 2010) protocols was compared by conventional light
microscopy. Detailed measurement information is provided in the
supplementary Materials and Methods.
CT imaging
The volumes of brains cleared with the optimized CUBIC and the BABB
protocols were measured using an Argus PET/CT preclinical scanner
(SEDECAL, Madrid, Spain). Details are provided in the supplementary
Materials and Methods.
H&E staining and TEM
H&E staining to assess general tissue morphology was performed as
described in the supplementary Materials and Methods. For ultrastructural
analyses, optimized CUBIC-cleared and uncleared brains were postfixed in
osmium tetroxide and potassium ferricyanide, and ultrathin sections prepared
and examined by TEM using a JEOL 1230 microscope (IZASA Scientific,
Madrid, Spain) (for details, see the supplementary Materials and Methods).
Immunostaining
Fluorescent immunostaining and optimized CUBIC clearing protocols were
integrated for chicken embryo brains (Fig. 1A). Brains were incubated in
Reagent 1 (containing DAPI; Invitrogen; 1:5000) for 2 days, washed, then
incubated in primary antibody solution (anti-orexin, anti-TH and anti-cFos
antibodies; together, each at 1:250) in a shaker for 3 days at 37°C and
80 rpm. After washes, the fluorescent secondary antibody solution (each at
1:300) was applied for 3 days at 37°C and 80 rpm. Brains were then washed,
dehydrated in sucrose solution and finally incubated in Reagent 2 for 1 day.
Similar protocols were developed with reduced incubation times in the two
antibody solutions for early-stage whole chicken embryos (12 h each;
Fig. 1C) and 1-mm-thick sections (1 day each). Primary and secondary
antibodies are listed in Table S1.
Light-sheet microscopy
Immunostained brains were analyzed with a custom-made light-sheet
microscope. Information about the set-up, image acquisition and processing
are provided in the supplementary Materials and Methods, Fig. S2 and
Table S2.
Confocal microscopy
An inverted confocal microscope (Leica TCS SPE) was used. Confocal
images from 1-mm thick coronal sections were acquired and processed as
described in the supplementary Materials and Methods.
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Fig. 3. The optimized clearing protocol improves penetration of laser light and antibodies into thick brain sections for confocal microscopy.
(A) Confocal images of thick (1 mm) hypothalamic sections in an E16 chicken embryo brain (inset is a representative brain slice that illustrates the location of the
main images). Images were obtained from untreated (left) and cleared (right) sections at different depths, as indicated. (B) Antibody penetration in
cleared sections. Cleared thick sections were sliced (150 µm, vibratome) and visualized by confocal microscopy to determine the depth of antibody penetration
(z-axis). Blue, DAPI-stained nuclei; red, TH-positive neuron bodies. 10× objective. z-stack step size, 23 µm. Scale bars: 100 μm for all images.
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